We report the first direct demonstration of possibility to generate the extreme ultraviolet (EUV) radiation with a freely expanding jet of dense plasma with multiply-charged ions supported by high-power microwaves. The detected emission power is about 20 W at 18-50 nm for argon and xenon and 0.3 W at 13-17 nm for xenon. The discharge with a peak electron density up to 3 × 10 16 cm −3 and a characteristic size of 150 µm is supported by a focused radiation of a recently developed gyrotron with unique characteristics, 250 kW output power at 250 GHz, operating in a relatively long (50 µs) pulse mode. Up-scaling of these experimental results gives grounds for development of a point-like kilowatt-level EUV source for a high-resolution lithography able to fulfill requirements of the microelectronics industry.
Next generation high-resolution projection lithography for chip production requires a powerful and reliable source of radiation at the short-wavelength boundary of the extreme ultraviolet (EUV) range [1] [2] [3] . The only practical generation mechanism in this range is the line radiation of elements in a highly ionized state, such as Sn 7+ -Sn 12+ that have a significant number of strong radiation lines at 13.5±1% nm 4 , and Xe 10+ that has a family of strong lines at 11.2±1% nm [5] [6] [7] . These two spectral bands are essentially eminent as they both correspond to peak reflection coefficients of available multilayer mirrors used for manipulation with EUV light 8 . While all existing prototypes of an industrial EUV source operate with laser-produced Sn-plasma 9,10 , a microwave discharge provides an alternative potentially less constrained in terms of output EUV power, characterized with a simpler overall design and safe operation for EUV focusing optics which is free from being spoiled by solid target particles and fast ions typical of explosive (of a few nanoseconds) laser-produced plasmas. Microwave pulses last longer, from tens of microseconds to continuous-wave operation, and there are no channels for significant ion heating due to direct resonant power load into electrons. In pioneer experiments, a strongly nonequilibrium Sn plasma was confined in an open magnetic trap and heated by radiation of a high-power 75 GHz / 50 kW gyrotron, resulting in up to 50 W emission in 13.5±1% nm band into 4π sr [11] [12] [13] . Theoretical modeling shows good potentials of this scheme for the development of an industry-ready EUV source featured with a multi-kW level in 13.5±1% nm band as most required hardware, namely compact high-current sources of tin plasma and high-power gyrotrons, are available 14 . A microwave discharge can naturally be used to produce EUV emission from heavy noble gases, an option which is also being studied for laser-produced a) Author to whom correspondence should be addressed. Electronic mail: ags@appl.sci-nnov.ru plasmas 15 . For the spectral band of 11.2±1% nm , featured of line-radiation of xenon, there are Ru/Be and Mo/Be mirrors that have nearly two-fold higher peak reflection coefficient in comparison to Mo/Si mirrors in 13.5±1% nm band 8 . Thus, a combination of xenon as an emitter and new mirrors potentially is more attractive for EUV lithography development 16 . The first experiment aimed at the realization of a point-like highly-emissive discharge in a noble gas has been reported 17 . Such experiment becomes possible with the development of a gyrotron providing 100 kW output power at 670 GHz frequency in 20 µs pulse 18 . Going to higher frequencies allows supporting a microwave discharge at higher plasma densities (∼ 10 16 cm −3 ), and more narrow focusing of the radiation. At this, no external confining magnetic field is needed-the discharge is ignited in a target gas jet launched from a small nozzle at almost the atmospheric pressure, and then freely expanding into a pumped-out chamber (7-200 mTorr at the wall). In these experiments, the possibility of formation of a point-like hot plasma spot near the nozzle was proved, and a total emission up to 10 kW in 110-180 nm band was detected from argon plasma.
In this letter, we continue the experiment with the freely expanding plasma. The experiment is arranged around a new gyrotron with unique characteristics of 250 kW at 250 GHz 19, 20 . Although this tube is designed for CW operating, due to limitations of the available power supply presently it works in a pulsed mode, the pulse length up to 50 µs with the repetition rate 10 Hz. Using a higher microwave power level and longer pulses, allow us to investigate in detail the dynamics of the plasma emission and to perform the experiment in xenon. Our main result is a detection of plasma emission in the EUV spectral ranges of 13-17 nm (for xenon) and 18-50 nm (for xenon and argon).
The schematic of the experiment is presented in Fig. 1 . Neutral gas is injected into a vacuum chamber with a nozzle. The nozzle diameter is 150 µm, the pressure behind the nozzle is varied from 0.1 to 1 bar. High- power microwave radiation from a gyrotron is focused in front of the nozzle and is resonantly absorbed by electrons under conditions of the plasma resonance when the electron Langmuir frequency becomes equal to the wave frequency. This condition is locally met somewhere along the jet with a decreasing plasma density; a high electron thermal conductivity provides an efficient heat transport towards more dense plasma near the nozzle 21 . The direct power load into electrons leads to formation of nonequilibrium high-electron-temperature plasmas with cold ions, characterized by high rates of the electron impact ionization/excitation and a suppressed recombination. It is beneficial for generation of highly charged ions able of emitting in EUV band.
The background pressure in the chamber is kept at the level below few mTorr to make media transparent for the EUV light. The decrease of plasma density with the jet expansion provides a good localization of the discharge resulting, in particular, in a point-like EUV emitting region near the nozzle, less than 1 mm in all dimensions. Noting that the optimal pressure for a microwave breakdown at 250 GHz is close to 200 Torr, the breakdown conditions are fulfilled only in the small area near the nozzle 22 , where the plasma density rises above 10 16 cm
at the developed stage of a discharge 23 .
An absolutely calibrated silicon detector with a set of filters is used to measure ultraviolet light properties 24 . We use Mo/Zr filter for the 13-17 nm band and Al/Si filter for the 18-50 nm band 25 ; spectral characteristics of the filters are shown in Fig. 2 . To avoid errors due to accidental holes both filters are used in single and double combinations. The detector has an effective radius R = 0.3 cm and is placed at L = 40 cm from the nozzle at different angles to the plasma. The received signals are independent of the observation angle. Assuming an isotropic emission with a flat spectrum inside a filter bandwidth ∆λ, one may link the detected power P det with a total power P of plasma emission in 4π sr as
where C d is the detector function, C f is the filter characteristic. Typical signals of the point-like plasma emission measured with and without EUV filters during the microwave pulse are presented in Fig. 3 . Although the optimal conditions for a maximal luminosity are essentially the same in argon and xenon, the signals show a slightly different evolution in time.
For argon, an initial growth during the plasma setup time (necessary to establish a high-charge state) is followed by a stationary phase, and then a decay after the gyrotron is switched-off. Key parameters of the stationary phase are summarized in Table I . Free parameters of the numerical simulations are found by fitting the reference levels of measured signals indicated with horizontal lines in the top plots.
EUV power of plasma emission at 18-50 nm, P = 22 W, is achieved with the heating power of 180 kW and the pressure behind the nozzle of 0.55 bar. Emission of argon plasma at 13-17 nm is almost zero. The most part of the light belongs to the deep UV range.
For xenon, there is no pronounced stationary phase: the luminosity increases with time reaching a maximum value at the end of the heating pulse. Data in Table I correspond to times just before the gyrotron switch off. EUV emission from xenon plasma is observed in both available spectral bands. In the 13-17 nm band, the maximal light power of 0.3 W is achieved with the heating power of 250 kW and the nozzle pressure of 0.4 bar. At these parameters, the light power at 18-50 nm is 5.5 W. The experimental error in measuring the power is primarily due to a pulse-to-pulse repeatability: a jitter of few microseconds in plasma appearance leads to about 10-15% deviation of the luminosity.
Comparing to our previous experiments 17 , one can see a dramatic, by a factor of 400, degradation of the conversion efficiency of the heating radiation into the ultraviolet light 26 . This may be explained by not optimal focusing of the heating microwave beam at a lower frequency ω mw , at which the size of the plasma formation is much less than the beam waist. On a qualitative level one may consider a multiplication of two effects: the microwave power at the focal point scales as ω 2 mw , the coupling to a small spherical plasmoid scales approximately as the Rayleigh scattering cross-section σ R ∼ d 6 ω 4 mw . In combination, we obtain that the efficiency of microwave absorption scales as ω 6 mw , what corresponds to a factor of 370 for 670 GHz/250 GHz. More rigorous approach to the calculation of microwave absorption on an inhomogeneous plasma sphere 27 predicts an essentially the same degradation of the coupling efficiency (by chance, the experiment at 670 GHz hits the optimal conditions for the plasma heating).
Direct measurements of most key parameters, such as electron temperature and plasma density, for a compact non-stationary strongly inhomogeneous and nonequilibrium discharge are not available in our experiment. Thus, for the interpretation of measurements, we strongly rely on a numerical model developed specifically for the experiment 16 . The model is based on quasi-onedimensional fluid equations which are solved together with kinetic equations for step-by-step ionization and line-excitation, including EUV radiation transport in an optically-thick plasma. Assuming the particular law of jet expansion, only two free input parameters remain: the electron temperature T e and the total (conserved) plasma flux F . Then, we can determine distributions along the flux of all essential discharge features, such as the directed flow velocity u, the densities of ions with different charges n j , the electron density n e , the density of power losses for line-excitation and emission p exc , etc. So, these parameters may be estimated by adjusting only T e and F to fit the simulations to the signals shown in Fig. 3 . The signal coming to our detector is simulated with taking into account the instrumental function C(λ) of the receiver and filters as
where indexes h and l numerate energy levels of excited and ground electron configuration for all allowed transitions in the spectrum of j-th ion, λ jhl and ∆E jhl are the transition wavelength and energy, k * jlh is the effective line excitation coefficient introduced to take into account the possibility of radiation trapping inside the emitting volume 16 , and C = C d C f C n with C d and C f being the detector function and the filter characteristic, C n is explained further. Taking C = 1 one obtains exactly the formula for total plasma emission losses, P exc , see Eq. (2) in Ref. 16 .
However, applying this strategy we face two difficulties. First, our model describes only a stationary phase of a discharge, a non-stationary extension is still a target of our efforts. So, we have no problem in the interpretation of data for argon; but for xenon, we must assume voluntary that the discharge is close enough to the steady-state before the gyrotron is switched off.
Second problem is that before a modification the model systematically predicted a higher relative level of EUV light compared to deep UV light. This is solved by considering an absorption of ultraviolet light in a residual neutral gas. In previous researches, this factor has been neglected assuming a good coupling of the microwave radiation to plasma that results in an effective ionization of the whole jet. Since in the present experiment the coupling efficiency is far from being optimal, one may expect a skin of low ionized matter surrounding the emitting discharge. Photo-ionization of this matter by UV quanta may be taken into account by adding an additional transmission factor C n , defined similar to a photon escape probability θ jhl in Ref. 16 :
where a(ω) is the Voigt line profile function, i.e. a convolution of the Doppler and natural lines normalized to a frequency integral of unity, ω is a detuning from the central line, σ ν (λ jhl ) is the photo-ionization cross-section 28 , n n is the density of neutrals, r ν is the linear distance that a photon should pass to escape in vaccuum, and ... denotes the averaging over a jet volume. Note that η n = n n r ν is a new additional parameter used in the fitting; it characterizes an average density of neutrals in the halo. In calculations, we use approximate formulas for a photon escape probability developed by Apruzese 29 . The resulted transmission factors as a function of wavelength are shown in Fig. 2 . For each gas, we present two curves: one is for characteristic η n at which C n > 0.9 at all wavelengths, e.g. the neutral gas becomes transparent (curves a, b), the other one is corresponding to an actual η n obtained by fitting to the experimental data (c, d ).
The absorption in the halo may indeed depress the EUV spectra at longer wavelengths, although for xenon there is an additional non-transparent window at λ ∼ 10 nm. The latter means that an effective EUV light source with xenon would eventually imply very strong demands to the quality of vacuum inside a working chamber. Most of the absorbed power is finally re-emitted during recombination. The minimal wavelengths of recombination radiation defined by the ionization potential are 79 nm for argon and 103 nm for xenon. Having this in mind, we take into account C n only when calculating the EUV power at λ < 50 nm, and omit it when calculating the total emission power detected without filters. Figure 3 and Table I show the results of simulations fitted to the most strong set of signals measured with 18-50 mn filter. We reconstruct the main discharge parameters as varying functions along the flow and the distribution of radiation power losses over the ion charges. Fitted electron temperature is of 45 eV. Calculated electron density ∼ 3 × 10 16 cm −3 is in good agreement with the results of measurements in similar conditions 23 . More heavy xenon is more easily ionized by an electron impact than argon, therefore it is featured with higher electron densities and average ion charge. However, the xenon ions are still not ionized enough to emit effectively at 11.2±1% nm . A fairly high effective density of neutrals in the halo, n n ∼ η n /d ∼ (3 − 4) × 10 18 cm −3 where d ∼ 150 µm is a characteristic transverse size of the jet, comparable to the density of neutrals inside the nozzle, leaves some potentials for essential improvement of the EUV efficiency with a better chamber pump-out and conditioning.
In summary, we have shown the possibility of direct conversion of high-power microwaves into the EUV light in the ionized jet of noble gases. An advantage of such approach for a high-resolution projection lithography is a relatively simple design, a compactness of the point-like emitting zone, and a possibility of CW operation with available microwave sources. The main drawback of the existing experiment is a low conversion efficiency related to a poor coupling of the heating wave and point-like plasma dictated by the low frequency of available gyrotron. Further increase in the conversion efficiency can be achieved either by use a more sophisticated electrodynamic system (resonator), or by increasing the frequency of the heating wave in the existing scheme.
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